INTRODUCTION
A new approach, called a "line-charge model" of the return stroke [Mazur and Ruhnke, 2002] , proposes to determine leader potential and other characteristics of the first leader in CG flashes from measurements of electric field changes produced by a return stroke. In this paper, we (1) evaluate further the line-charge model by using a new data set from a multi-station slow antenna system, and (2) present the characteristics of negative leaders obtained by using the model.
CONCEPT OF THE LINE-CHARGE MODEL
We start with a brief description of the line-charge model that was introduced in Mazur and Ruhnke [2002] . By assuming that the leader is equivalent to a conducting wire extended within the ambient E-field of a thundercloud, and that the total charge of the bi-polar, bi-directional leader is zero before touching the ground, the leader potential that was equal to φ before touching the ground shifts to zero upon contact with the ground. This shift of potential is equivalent to adding a constant charge-per-unit length, q, along the leader channel during the return stroke process. The charge-per-unit length, q, deposited by the return stroke in a leader channel of capacitance-per-unit length, c, is calculated as:
The electric field change on the ground, ∆E RS , produced by the return stroke current traversing the vertical leader channel of length, Z, at distance, D, from a sensor, is:
The variables q, D, and Z are obtained by solving a system of n equations (2), where n is the number of "slow antenna" sensors (n ≥ 4) at various distances from a lightning strike, each measuring ∆E RS values (ε = 8.859x10 -12 F m -1 ). One needs to know the capacitance-per-unit length c of the leader channel, in order to calculate the leader potential φ using eq. (1). For a vertical, thin, long conductor perpendicular to the ground (with diameter d and length Z), that approximates a leader channel, the capacitance-per-unit length c is calculated using the formula:
The relationship between the diameter of the leader channel d and its charges is based upon the assumption that the charges are distributed in a corona sheath (with E-field of ≤ 3 MV m -1 ) around the current-carrying core of the channel, as shown here:
The leader potential is calculated using the formula:
The estimated length of the last step of the negative stepped leader, L st , in meters is a function of both the leader potential φ, in kV, and the constant electric field along the negative streamer zone ahead of the leader tip, which is 750 kV m -1 [Bacchiega et al., 1994] :
MEASUREMENTS
In our field measurements, we used a GPS-synchronized sensor system consisting of a capacitive antenna , an amplifier with high-pass characteristics having a 0.3 s time-constant, and a laptop PC with a 12-bit A/D converter. The converter's time resolution of 100 µs allowed us to identify the beginning and end of the return stroke in the E-field change record. A one second duration of each record was sufficient to identify CG flashes by the shape of their waveforms. The electronic components (amplifier and laptop PC) of the sensor system were carried inside a passenger car, and powered by a car battery; the antenna was carried in the car's trunk, but unfolded at the observation site, and placed about 25 m away from the car (Fig. 1 ). This mobile arrangement allowed us to use remote sites far from 60 Hz noise sources.
Our network of sensor stations consisted of four manned mobile sites, and one unmanned stationary site (at the WSR-88D weather radar location in Ruskin, Florida) with guaranteed stable AC power. The mobile sites were selected to be within 4-7 km from each other, easily accessible from the road, and ideally, with the widest possible open space surrounding it. Because some sites could be less-than-ideal, thus producing additional, local errors in the E-field change measurements, we conducted a calibration of pairs of sensors already in place, using selected recordings of distant flashes located (according to NLDN data) at an equal distances from each sensor in a pair. The "anchoring" sensor in each pair was always the one located at a site with ideal conditions. Altogether, there were four pairs, each consisting of the anchoring sensor plus one of the remaining four sensors. The anchoring sensor was considered to be perfectly calibrated, and its value of ∆E RS was used to calculate the local correction factors for the other sensors. The calibration of the anchoring sensor was done in comparison with a horizontal wire antenna, calibrated in absolute terms by measuring the capacitance of the coaxial cable from the antenna to the amplifier, the capacitance of the amplifier, the antenna's height above the ground, and by calculating the wire's capacitance. 
DATA PROCESSING AND RESULTS
Using the measured E-field change during the first return stroke, ∆E RS , and applying the line-charge model, we calculated the characteristics of negative leaders for 42 negative CG flashes during the thunderstorm on July 28, 2001 in the Tampa Bay area of Florida near Ruskin (Table 1) . We employed the Least-Squares method and the MathCad program to solve the system of equations (2), considering the solution as the final and acceptable one when the magnitude of the fitting error reached its minimum.
We used the National Lightning Detection Network (NLDN) data for locations of CG flashes, to compare them with the locations of the same flashes that had been obtained from calculations using the line-charge model. In most cases, the distance between the locations from the NLDN data and those from the model was less than 2 km. The discrepancies may be explained by the deviation of the actual return stroke channel from straight vertical; a fully-or partially-tilted channel leads to increasing ∆E RS values at the sensors in the direction of the tilt, and to decreasing ∆E RS at the sensors in the direction opposite to the tilt, thus producing an error in the calculated flash location using the line-charge model and, consequently, in other parameters of the leader. The discrepancies may also be caused by errors in the NLDN system.
The NLDN system determines the locations of the lower, mostly vertical part of the channel. Therefore, we decided to use the NLDN data on flash locations to calculate q and Z, by solving the system of equations (2). Flashes for which the significant fitting error indicated that either the location from NLDN was in error, or the
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lightning channel had characteristics leading to a substantial deviation (more than 2 km) in location from the NLDN data were excluded from consideration. Some values of Z in Table 1 may exceed the vertical dimensions of the cloud, which may indicate some inadequacy in the line-charge model for those flashes. This inadequacy could be the result of branching of the intracloud portion of the leader. The return stroke in some flashes propagates partly though a vertical channel between the cloud base and the ground, and partly through the upper in-cloud part of the bi-directional leader that may be composed of branches of the positive leader (in negative CG flashes). This possibility is not taken into account in the line-charge model, which assumes the leader channel to be vertical. We attempt to address this issue below.
The branching of the intracloud portion of the leader may be equated to a point charge, ∆Q, added at the upper end of the vertical return stroke channel. Then, for the line with a uniform charge q plus a point charge ∆Q, the expression for ∆E RS will change to:
By assuming for the modified line-charge model (called "line-plus point-charge model") the same channel location and the value of q as for the line-charge model, we are able to determine variables Z, and ∆Q by solving the system of equations (7), and then deriving variables φ, Q, and L st .
The results of applying the line-plus point-charge model to our data (see Table 1 ) show that the application of this model makes a difference in only 18 cases out of a total of 42, showing charge Q greater than 0.1C, and also a smaller Z than those calculated using the line-charge model. For example, in the flash at 223026, Z decreased from 18,050 m to 12,840 m. In 24 flashes, the line-charge model provides a good fit for the data obtained, because the line-plus point-charge model produces identical results.
DISCUSSION AND CONCLUSIONS
The new approach for determining leader potential and other characteristics of the first leader in CG flashes (including the last step-length), from measurements of the electric field changes produced by a return stroke (the line-charge model), involves remote measurements of lightning flashes. This method is easy to implement for obtaining the statistically-significant data necessary for evaluation of the range of leader potential values, and also of the range of the last step-lengths of the leader in a variety of climatological conditions and geographic locations. The line-charge model provides a good fit for the E-field changes produced by return strokes for most flashes in the data set analyzed in this paper. It is suggested that the line-plus point-charge model accounts for the possibility of branching in the upper part of the bi-directional leader channel.
We have shown that applying the line-plus point-charge model reduces, in a few cases, the values of q, Z and φ. However, in the majority of cases, this model did not produce a significant difference in comparison with the results obtained with the line-charge model. Both models represent features of the leader and returns stroke, which could not be determined previously by using the conventional point charge model for CG flashes. A conclusive test of validity for both line-charge and line-plus point-charge models can be performed when the results of the calculations of variables Z, D (x, y) , and possibly L st are compared with and confirmed by other independent measurements (e.g., with a lightning radiation mapping system and video observations).
